The carriageway plate, which is a bridge structure, directly bears the traffic load and can cause fatigue rupture easily by repeated loading. This study put forward an analysis model of reinforced concrete T-shaped girder carriageway plate girders to reveal the law of the influences of internal factors, such as length-width and thickness-width ratios of two-and one-way slabs, on the fatigue performance of carriageway plates. The physical girder space model was established using the Midas/FEA finite element software. The correlation between the fatigue stress level, length-width ratio, and thickness-width ratio of carriageway plates and the fatigue performance of carriageway plates of ribbed-girder bridges was analyzed using traditional fatigue analysis methods based on the S-N curve and Miner linear cumulative damage theory. The fatigue life and rupture areas were determined. The change rules of fatigue life and damage degrees of structure girders under different influencing factors were determined. Results show that a significant negative correlation exists between the length-width ratio and fatigue life of carriageway plate when the length-width ratio of one-way slabs ranges from 4.0 to 6.0. The fatigue life decreases linearly with the increase in the length-width ratio when the lengthwidth ratio of two-way slabs ranges from 1.0 to 1.9. The anti-fatigue performance of two-way slabs is stronger than that of one-way slabs. In addition, setting the thickness-width ratio of a carriageway plate between 0.07 and 0.08 is economically reasonable. This study provides a certain reference value for the further perfection of the anti-fatigue design of carriageway plates of reinforced concrete ribbed-girder bridges.
Introduction
The increases in traffic flow and vehicle tonnage have resulted in fatigue accumulation damage of bridge structures due to cyclic loading, which gradually aggravates bridge fatigue rupture [1] . The carriageway plate, which is an important bridge structure, directly bears the traffic and structurally connects the girder rib and the diaphragm closely to integrate the bridge and transfer live loads to the main girder [2] . Unlike other components, the carriageway plate receives no prestress inside. As a result, fatigue rupture of a carriageway plate can be caused easily, which results in damage to the overall bridge structure. The main form of carriageway plate fatigue rupture is the appearance of cracks and leaks on the plate [3] , which can cause unnecessary troubles for the safe and comfortable passage of vehicles. The study on carriageway plate fatigue is important for the research on bridge fatigue. Two safety problems are highly highlighted and mutually contradictory: one is that the bearing capacity of a carriageway plate gradually decreases with the increase in service time of a bridge; and the other is that traffic requires increasing bearing capacity of the carriageway plate, which results in a great imbalance between supply and demand. Leaving these problems unresolved will cause severe effects on bridge safety [4] .
During the design of reinforced concrete bridge structures, designers usually ignore the influences of fatigue performance on the carriageway plate components. However, the fatigue rupture of a reinforced concrete bridge is frequently caused by the fatigue of its carriageway plate [5] [6] [7] [8] . Therefore, the fatigue damage of the carriageway plate must be evaluated correctly, its damage areas and the degree of accumulated damage must be identified, and the fatigue life of the carriageway plate must be predicted to perform the safety assessment of the entire bridge.
On the basis of the existing research results of reinforced concrete structure fatigue, this study established a physical girder space model with the Midas/FEA finite element software to investigate the carriageway plate fatigue performance by changing the fatigue stress level and lengthwidth and thickness-width ratios of the carriageway plate. Accordingly, a theoretical reference for subsequent experiments and research will be provided.
State of the Art
Scholars all over the world have conducted numerous researches on the carriageway plate. Batchelor [9] conducted fatigue tests of 37 reinforced concrete carriageway plate models (reduced scale of 1/8) at constant frequency and equal amplitude loading and mainly analyzed the law of influences of the reinforcement ratio on the carriageway plate fatigue; the maximum fatigue loading that a carriageway plate could bear was obtained at a reinforcement ratio. However, the study did not cover the entire design scope of the reinforcement ratios of carriageway plates. Zhao Shunbo [10] used 22 carriageway plate test pieces for dead load (6 test pieces)and fatigue tests and proposed formulas of normal section fatigue strength and crack width according to the loading features of components. However, the study barely considered the fatigue stress level. On the basis of two types of classical fatigue bike checking model, Qu Yu [11] analyzed the change in the principal stress curve of longitudinal and transverse load movements using the finite element method and proposed that the front and rear axle loads and the synergistic effects of vehicle loads on adjacent lanes need not be considered in the fatigue analysis of orthotropic steel bridge plates. However, the proposal was not confirmed by tests. After conducting fatigue tests of concrete cantilever bridge plates under concentrated loads, Natário [12] found that the sensibility of a cantilever bridge plate to shear fatigue rupture was evidently lower than that of a girder without shear reinforcement. However, he did not conduct fatigue analysis under a distributed load. Carvelli [13] conducted studies on reinforcing composite rebar reinforced concrete carriageway plates with glass fiber and found that their anti-fatigue performance was better than that of ordinary concrete slabs. However, the influences of the thickness-width ratio on the fatigue performance were not analyzed intensively. On the basis of a summary of existing structure plate fatigue tests, Pan Yongxiang [14] conducted a theoretical analysis of the normal section fatigue performance of integral bidirectional ribbed hollow slabs and proposed computational and verification formulas of the normal section endurance bending strength of integral bidirectional ribbed hollow slabs. However, the application scope of these formulas is limited. Under the operating conditions of expressway bridges in Brazil, Rodrigues [15] proposed a reinforced concrete bridge fatigue-safety evaluation method and established a traffic load and bridge structure response simulation model considering the important sources of uncertainty. However, the application scope of its load spectrum is limited. Li Xiaojing [16] used the ANSYS finite element software for the numerical analysis of fatigue performance of the steel-concrete composite box girder and discovered the law of influences of parameters, such as thickness of concrete frange plates, concrete strength, girder height, and stud spacing, on the fatigue performance of the steel-concrete composite box girder. However, the fatigue stress level was not discussed in the study. Ma [17] put forward a new crack propagationbased method of reinforced concrete girder aging corrosion fatigue life prediction; the corrosion growth kinetics and fatigue crack growth dynamics were coupled, and the fatigue crack propagation rate curve was accumulated from the equivalent initial defect size to the critical length to predict the fatigue life. However, the discrete development of cracks was not fully discussed. Through the fatigue tests of GFRP reinforced concrete slabs, Zhao Jun [18] put forward that the GFRP reinforcement and compression zone concrete strains and the crack width significantly increased with the fatigue cycles. However, no research on the influences of the length-width ratio on its fatigue mechanism exists. In a clear bending condition, Spathelf [19] studied the fatigue performance of reinforced concrete plates through largescale tests and described the internal force redistribution of sections after the failure of individual reinforcement through the direct measurement of steel strain. However, no evaluation on two-and one-way slabs can be found. Through establishing thermal elastoplastic finite element models and verifying the model test data, Cui Chuang [20] derived the equations of the residual stress distribution of orthotropic steel bridge plate and weld seams on longitudinal rib joints. However, the study did not involve a research on reliability during plate fatigue damage. On the basis of environment temperature, traffic flow, and strain monitoring data, Farreras-AlcoverI [21] set up a fatigue reliability model of an orthotropic bridge deck, derived the S-N curves, and applied them to strain monitoring without conducting a detailed diversified assessment of influencing factors. Zhang [22] combined full-scale model tests with finite element analysis, studied the fatigue performance of a new orthotropic steel-concrete (OSCD), and evaluated the influences of concrete and shear stud damage on the OSCD fatigue performance for the first time. However, the difference assessment of fatigue factors is insufficient. Gao Pu[23] simulated the curvilinear relationship of the local reinforcement stress of carriageway plates with ANSYS, converted on-site traffic volume into reinforcement stress spectrum of carriageway plates using the rain flow counting method, applied Miner's rule to the calculation of the accumulated damage of rebar fatigue, and conducted a comparative analysis of the worst loading position of lanes. However, few studies have been conducted on the influences of the length-width ratio on the carriageway plates.
In summary, scholars have conducted considerable research on the fatigue performance of bridge decks and achieved great results. However, their research on the fatigue performance of reinforced concrete carriageway plates is insufficient and seldom discussed the influence law of internal factors, such as length-width and thicknesswidth ratios of one-and two-way slabs. On the basis of the existing research results on the fatigue of the reinforced concrete structure, this work introduced the design processes of prototype girders and girder models, established a physical model of the girder model space with the Midas/FEA finite element software, and studied the carriageway plate fatigue performance by changing the fatigue stress level and length-width and thickness-width ratios of the carriageway plate. Accordingly, a theoretical reference for subsequent experiments and research will be provided.
The remainder of this study is organized as follows. Section 3 describes the structure of the girder model and presents a finite element analysis model. Section 4 discusses the fatigue analysis of the model by traditional fatigue analysis methods based on the S-N curve and Miner's rule and obtains the change law of fatigue life and damage of carriageway plates under different analysis variables by comparison. The last section summarizes this study and presents the conclusions.
Methodology

Parameters of finite element modeling
In accordance with the design drawing of the girder model, a finite element space model of two horizontal middle girders was established with one-piece casting applied to the diaphragm. Figure 1 shows the 3D finite element model of an 8 m T-shaped girder. C40 concrete was made with 3D physical units and ordinary rebar with 1D girder units. In the static analysis, concrete and ordinary rebar were made with isotropous elastic constitutive models [24] . In the fatigue simulation analysis, they were made with anisotropic elastic constitutive models [25] . A steel block was placed on the midspan to avoid the excessive concentration of strain. The size of the block was obtained by equivalent calculation in accordance with the action area of the rear wheels and the thickness of the bridge deck pavement in the specifications, that is, 28 cm × 48 cm × 3 cm. The concentrated force was dispersed and transmitted through the steel block to generate an even load on the carriageway plate. Therefore, in the Midas/FEA procedure, the limit load was simulated with an even load of "any quadrilateral load," where the even load was 218.58 kN/m2. Figure 2 presents the carriageway plate loading positions of the girder model. 
Simulation process of fatigue figures
The fatigue analysis of the girder model was carried out with fatigue loads of equal stress in consideration of the Von Mises stress and the Goodman and Gerber correction methods in its average stress. The concrete material was simulated with anisotropic elastic constitutive models and the rebar with reinforced double broken line models. The excess width of cracks caused by tension or fatigue cracks caused by reinforcement yielding was used as the standard of component fatigue rupture. Using the finite element model, cloud charts of fatigue life and damage degree of the model girder were obtained (the classical Miner's rule was adopted).
Loading frequency f is empirically set to 5 Hz, and fatigue variation laws are explored without considering the impacts of loading rate. In Midas/FEA, the stress life method based on the S-N curves was used to conduct fatigue analysis. Therefore, all strains were supposed to be elastic and the materials were isotropic. On the basis of the loading groups of static analysis, the fatigue functions of dead loads and carriageway plates were created, and the change law of fatigue life and damage degree was analyzed in the worst condition.
The stress amplitudes on structures are the same despite the difference in their mean stresses, and this condition leads to different fatigue lives. Thus, mean stress correction was performed. Goodman and Gerber proposed the following modifier formulas to consider the influences of mean stress on fatigue life. Figure 3 shows the curvilinear relationship between mean stress and stress amplitude.
Goodman correction formula:
,
Gerber correction formula: ,
Where is the stress amplitude, is the mean stress( ), is the stress amplitude of fatigue limit, is the maximum stress amplitude. 
Settings of the finite element analysis model
On the basis of the loading features of carriageway plates, four analysis models were created. Among the four models, the static analysis model was compared with the fatigue analysis model to mainly investigate the influences of the length-width and thickness-width ratios of carriageway plates on the fatigue performance, as shown in Table 1 . Thus, the first principal stress of a one-way slab with a length-width ratio of 3.6 under the ultimate load was selected to analyze the change law of the stress and deflection of the girder model. When three middle diaphragm plates were set up, the stress cloud chart of the girder model under dead load was obtained, as shown in Figure 4 . Figure 4 shows that the maximal principal stress of the one-way slab was 2.61 MPa under dead load, and the maximal stress value was 2.61MPa<
MPa. These values met the design requirements. Figure 4 indicates that the finite element simulation process was reasonable and could provide a basis for further fatigue figure simulation.
Influences of the length-width ratio on the fatigue performance of one-way slabs
Different length-width ratios can lead to different stresses on the upper and lower borders of a one-way slab, which also leads to different fatigue lives according to the preliminary forecast. Therefore, on the basis of the research scheme of the fatigue performance of one-way slabs, fatigue loading simulation was conducted with a length-width ratio ranging from 2.0 to 7.2 (the equal difference was 0.4) and ranging from 0.15 to 0.80. The fatigue lives and rupture areas of one-way slabs of 14 length-width ratios were simulated under 2 million uniform cyclic loads. Figure 5 shows the cloud chart of the fatigue life of a oneway slab with / = 3.6 when = 0.50, which indicated that an entire one-way slab generated 16 grades of fatigue life values. The fatigue rupture first attacked the area formed by the stress concentration position of the lower border of a one-way slab (the junction of the carriageway plate midspan and the haunch end) and the position bearing the cyclic load, which caused the loss of formal function and the decrease in fatigue life. Accordingly, the fatigue life of this area was regarded as that of the one-way slab. The maximal and minimal fatigue lives of a one-way slab with / = 3.6 and = 0.50 were 7.28 × times and 4.55 × times, respectively. Thus, the fatigue life was 4.55 × times. The influences of different fatigue stress levels on the fatigue life of one-way slabs were explored. Figure 6 shows the fatigue lives of 14 types of one-way slab. Figure 6 shows that the fatigue life of one one-way slab decreased with the increase in the fatigue stress level, N. The fatigue life of a one-way slab decreased sharply with the increase in the fatigue stress level when ≤ 0.25, and all fatigue lives were greater than 5 million times. The fatigue life tended toward infinity when the fatigue stress level was near 0. Therefore, no fatigue appeared on the one-way slabs when ≤ 0.25. In actual bridge engineering, an antifatigue design is unnecessary when the stress generated by vehicle loads on a one-way slab is less than 0.25. In the current study, the fatigue life of a one-way slab decreased evidently with the increase in the fatigue stress level when 0.25 < ≤ 0.55, but all fatigue lives were greater than 2 million times in accordance with the conventional design requirements. When > 0.55, the fatigue life decreased evidently. In actual bridge engineering, the fatigue stress level of one-way slabs should not exceed 0.55 to ensure 2 million times of fatigue life and safety. According to conclusions above, the fatigue of one-way slabs was insignificant when ≤ 0.25. Therefore, the fatigue performance of one-way slabs need not be studied when ≤ 0.25. The law of influences of the lengthwidth ratios on the fatigue life of one-way slabs was discussed when 0.3 ≤ ≤ 0.8 (Figure 7 ). Under the same fatigue stress level, the fatigue life of a one-way slab decreased with the increase in the lengthwidth ratio. The increase in the length-width ratio showed low influences on the fatigue life of the one-way slab when / ≤ 4.0.
Analysis of fatigue life
Comparing fatigue lives under the same fatigue stress level showed that their difference ratios were no more than 14.06%. When ≤ 0.55, / ≤ 4.0 and all fatigue lives of one-way slabs were above 2 million times. Their difference ratios were no more than 12.15%, and the minimum value was 5.12 × times, which was 156% greater than 2 million times. When / ranged from 4.0 to 6.0, the fatigue life of one one-way slab gradually decreased to nearly 2 million times with the increase in the fatigue stress level. When was 0.55 and the length-width ratio was 6.0, the fatigue life was 2.40 × , which was only 20% greater than 2 million times. When / ≥ 6.0, the decrease in fatigue life of a one-way slab gradually became slow with the increase in the length-width ratio and was lower than 2 million times. Figure 8 shows the cloud chart of the fatigue damage degree of a one-way slab with / = 3.6 when = 0.50. The first fatigue rupture area of a one-way slab had the highest damage degree. According to Miner's rule, the maximal damage degree was calculated as D = 1. P, which is the proportion of the damaged area to the entire carriageway plate of the girder model (%), changed according to the different fatigue stress levels and length-width ratios. Thus, under a fatigue stress level with significant fatigue (i.e., ≥ 0.3), P was used to indicate the area of fatigue damage (Figure 9 ). For the same one-way slab, the area of fatigue damage increased with the increase in the fatigue stress level. Figure 9 indicates that the area of fatigue damage for the same one-way slab increased with the increase in the fatigue stress level. Meanwhile, the area of fatigue damage was related to the increase in the fatigue stress level. Under the same fatigue stress level, the area of fatigue damage increased with the increase in the length-width ratio, as shown in Figure 10 .
Analysis of fatigue rupture areas
Influences of the length-width ratio on the fatigue performance of two-way slabs
Fatigue life analysis
Fatigue loading of two-way slabs with 10 length-width ratios was carried out when ranged from 0.15 to 0.8 (equal difference = 0.05). Figure 11 shows the fatigue life of a two-way slab with / = 1.8 when = 0.50. Evidently, fatigue rupture started from the lower border of the two-way slab and the damage area focused on the area formed by the stress concentration position (the junction of the carriageway plate midspan and the haunch end) and the position bearing the cyclic load, which was similar to the result for one-way slabs. Figure 12 shows the fatigue lives of two-way slabs with 10 length-width ratios. With the increase in the lengthwidth ratio, the change law of the fatigue life of two-way slabs was quite similar to that of one-way slabs. No addition detailed description is presented here due to the limited space of the present study. Similar to the research methods of one-way slabs, the influences of the length-width ratios on the fatigue life of two-way slabs when 0.3 ≤ ≤ 0.8 were determined. Figure 13 shows that the fatigue life of a two-way slab decreased with the increase in the length-width ratio under the same fatigue stress level. The slope of the curve indicated that the fatigue life tended to linearly change when the length-width ratio was between 1.0 and 1.9.
When was 0.55, the fatigue life of the two-way slab with / = 1.9 was 5.98 × ; that of the two-way slab with / = 1.0 was 7.86 × , which was 23.92% lower but considerably greater than 2 million times.
From the perspective of structure, small length-width ratio sets correspond to a strong anti-fatigue performance of a two-way slab. However, from the aspect of actual engineering costs and applicability, a small length-width ratio increases the middle diaphragm plates, which increases the cost and the dead load, going against the top and bottom stresses. Therefore, in actual bridge construction, the lengthwidth ratio of two-way slabs should not be too small in view of the principle of safety, economy, and applicability. Comparison between the minimal fatigue life of two-way slabs ( / = 1.9) and the maximal fatigue life of one-way slabs ( / = 2) under the same fatigue stress level and cyclic load showed that the minimal fatigue life of two-way slabs was 31.43% higher than that of one-way slabs on average.
In summary, a large length-width ratio of a carriageway plate corresponded to a short fatigue life under the same fatigue stress level. The anti-fatigue performance of two- way slabs was stronger than that of one-way slabs under the same fatigue stress level. Fig. 13 . Fatigue life curve of two-way slabs with different length-width ratios Figure 14 shows the cloud chart of the fatigue rupture area of a two-way slab with / = 1.8 when = 0.50. Figure  14 shows that the fatigue rupture areas of two-way slabs shared similarities to those of one-way slabs. P, which is the proportion of the damaged area to the entire carriageway plate of the girder model (%), changed according to different fatigue stress levels and length-width ratios. Thus, under a fatigue stress level with significant fatigue (i.e., ≥ 0.3), P was used to indicate the area of fatigue damage. Figures  15 and 16 show the influences of the fatigue stress level and the length-width ratio on the fatigue performance of twoway slabs, respectively. Thus, the area of fatigue damage for the same two-way slabs increased with the increase in the fatigue stress level. In addition, the area of fatigue damage was related to the fatigue stress level. The area of the fatigue damage of two-way slabs increased with the increase in the length-width ratio under the same fatigue stress level. Furthermore, the area of fatigue damage was related to the length-width ratio. 
Analysis of fatigue rupture areas
Analysis of fatigue life values
Fatigue loading of carriageway plates with eight thicknesswidth ratios was carried out when = 0.55. Table 2 presents the fatigue life values of carriageway plates with eight thickness-width ratios. Figure 17 , the following results were observed:
(1) The fatigue lives increased with the same lengthwidth ratio and the increase in the thickness-width ratio of carriageway plates. This result was consistent with the previous conjecture of the present study. With the same length-width ratio, the influences of the thickness-width ratio increase of carriageway plates on the fatigue life increase were significant when h/ < 0.07; the increase rate of the fatigue life slowed down gradually when 0.07 ≤ h/ ≤ 0.08; the fatigue life tended to level change when h/ > 0.08.
(2) Comparison between carriageway plates with h/ ≥ 0.08 (Table 3) showed that the maximal fatigue life difference was only 8.29%, and the minimal fatigue life was considerably greater than the 2 million times required in actual engineering. Thus, the thickness-width ratio of carriageway plates should be increased. Further increase in the thickness-width ratio would increase the overall dead load of the bridge structure, going against the overall stress of the girder structure. Therefore, h/ of carriageway plates should be no more than 0.08 in view of safety, economy, and applicability.
(3) Comparison of fatigue lives of h/ = 0.07 and h/ = 0.08 (Table 3) for the same carriageway plate showed that the maximal difference was only 8.54%, and the minimal fatigue life was 109.5% greater than the 2 million times required in actual engineering when the thickness-width ratio was 0.07. In actual engineering, setting the thicknesswidth ratio between 0.07 and 0.08 is economically reasonable, which indicates the correctness of the common thickness-width ratios applied to standard drawing. 
Analysis of fatigue rupture areas
Fatigue loading of carriageway plates with eight thicknesswidth ratios was carried out when = 0.55 to study the law of influences of the thickness-width ratio of carriageway plates on their fatigue rupture areas. Table 4 shows the fatigue rupture areas of carriageway plates with eight thickness-width ratios. For carriageway plates with the same length-width ratio, the fatigue rupture area decreased with the increase in the thickness-width ratio. 
Conclusions
This study established a 3D space model of reinforced concrete T-shaped girder bridges with the Midas/FEA finite element software to reveal the fatigue performance of carriageway plates of this type of bridge. The change rules of fatigue life and damage degree of carriageway plates were discussed with analysis variables, such as fatigue stress levels, length-width ratios, and thickness-width ratios of carriageway plates. The following conclusions were drawn:
(1) A significant negative correlation exists between the length-width ratio and fatigue life of carriageway plate when the length-width ratio of one-way slabs ranges from 4.0 to 6.0; the negative correlation weakens when the length-width ratio of one-way slabs is less than 4.0 or greater than 6.0.
(2) The fatigue life decreases linearly with the increase in the length-width ratio when the length-width ratio of two-way slabs ranges from 1.0 to 1.9.
(3) The minimal fatigue life of two-way slabs is 31.43% higher than that of one-way slabs on the average. The maximum growth rate of fatigue rupture areas of two-way slabs is 25.16% lower than that of one-way slabs with the increase in the length-width ratio. The anti-fatigue performance of two-way slabs is stronger than that of oneway slabs.
(4) Setting the thickness-width ratio of a carriageway plate between 0.07 and 0.08 is economically reasonable.
This study regarded the influence of carriageway plates on the fatigue performance of medium-and-small-span N reinforced concrete ribbed-girder bridges as its main objective, discussed the rules of influences of carriageway plates on the overall bridge fatigue in different structure forms and stress level conditions, and proposed economically reasonable fatigue stress levels, length-width ratios of two-and one-way slabs, and thickness-width ratios of carriageway plates. However, the lack of measuring data of girder fatigue loading tests of indoor scale models suggests that the future study should consider the revised data of girder fatigue loading tests of indoor scale models to carry out in-depth research on the change rules of fatigue life and damage degrees of carriageway plates.
